ABSTRACT: Four experiments were conducted to corn-soy diets with .9, 1.6, and 2.3% NaHC03 in characterize the interactions between fumaric (FA), addition to 2.5% FA. After wk 2, there was a quadratic malic (MA), or citric acid (CA) and NaHC03. In two response in ADG ( P < .08) and ADFI ( P < .05) when experiments, seven diets were formulated containing increasing levels of N~H C~~ were added to the diet. 2.5% FA7 MA, and CA, with O r without 2.3, 1.97 O r 1-4% NaHC037 respective1y7 as diet This was true a t wk 4 for both ADG and ADFI ( p < .05). In Exp. 3, finishing pigs were fed corn-soy diets as a containing 2.5% FA or 2.5% FA + 2.3% NaHC03 added to a control diet. No effect ( P < .05) of FA or NaHC03 was observed. In Exp. 4, the combination of CA + NaHC03 or MA + NaHC03 was superior t o FA + NaHC03 for ADG ( p < .OB) and ADPI ( p < .05) when (no addition of organic acids or NaHC03) for 28-d-old pigs (Exp. 1, corn-soy protein concentratebased diet) and 1-wk-old chicks (Exp. 4, corn-soybased diet).
Introduction
Poor digestibility of vegetable-based diets by the nursery pig may be the result of insufficient HC1 secretory capacity available t o activate proteolytic enzymes in the gastric stomach (Cranwell et al., 1976; Kidder and Manners, 1978; Moran, 1982) . Several investigators have reported the beneficial effects of organic acids on the performance of nursery pigs when either fumaric (FA) or citric acid (CA) have been added to the diet (Edmonds et al., 1985; Giesting and Easter, 1985; Henry et al., 1985) . Giesting et al. ( 199 1) found that the addition of FA acid to simple diets (corn-soy-based diets) had a greater influence on nursery pig growth performance than the addition of FA to complex diets (dried skim milk-or casein-based diets). The addition of NaHC03 t o the diets to negate the effect of the FA addition resulted in an increase in ' The assistance of Howard Cook, Dale Alexander, Steve Heffernan, and Bill Fisher with diet preparation and animal care is gratefully acknowledged. Miles Laboratories provided all organic acids. This paper was in partial fulfillment of an M.S. degree by Denis 0. Krause. 2To whom correspondence should be addressed: 206 Anim. Sci. Lab., 1207 W. Gregory Drive.
Received February 10, 1993 . Accepted January 25, 1994 gain:feed ( G F ) ratio. It was proposed that the addition of FA, in addition to improving protein digestibility, resulted in metabolic acidosis that was corrected when NaHC03 was added to the diet. The addition of NaHC03 alone to soy-based and caseinbased diets resulted in a decrease in growth performance. Experiments were conducted to characterize the interactions between FA, malic acid ( MA), or CA and NaHC03 in the nursery pig and the chick, as well as the interaction between FA and NaHC03 in the finishing pig. Furthermore, the optimum level of NaHC03 in combination with FA was investigated in the nursery pig.
Materials and Methods
AZZotrnent Procedures. All the pigs used in Exp. 1 to 3 were derived from a rotational crossbreeding system involving Duroc, Yorkshire, and Hampshire breeds. Pigs were randomly assigned to treatment pens, within replicate blocks, from outcome groups formed on the basis of litter of origin, weight, and sex. In each experiment sex ratio was constant within a series of replicate pens, but on occasion it was different between replicates.
In Exp. 4, male chicks obtained from a cross of New Hampshire and Columbia were used. At hatching, the crossbred chicks were fed a corn-soybean meal pretest diet until d 7. Chicks were weighed and allotted t o treatments as described by Sasse and Baker (1974) .
Management. In Exp. 1 and 2 pigs were allotted directly to pens on the day of weaning. The pigs were housed in raised-deck pens that had expanded metal floors and solid sidewalls. Pigs were weighed initially and at the end of 2 and 4 wk. Space allocation per pig was .26 m2. Pigs were allowed ad libitum access to feed and water and housed in heated, thermostatically controlled (26 to 29OC) nurseries. Artificial light was provided throughout the entire day.
Pigs in Exp. 3 were housed in pens with half-solid, half-slotted floors that provided .75 m2 in space per pig. The pigs were housed in heated, thermostatically controlled (24 t o 27°C) houses. Pigs were weighed every 2 wk and were allowed ad libitum access to feed and water. Artificial light was provided throughout the entire day.
In Exp. 4, all chicks were housed in heated, thermostatically controlled starter batteries with raised wire floors and allowed to consume feed and water ad libitum. Artificial light was provided throughout the entire day.
All animals and birds used in these experiments conformed to the guidelines enforced by the Laboratory Animal Care Committee of the University of Illinois.
Diets
Diets used in the experiments were formulated on the basis of CP analysis of the feedstuffs available at the initiation of each experiment (Tables 1 and 2 ). The diets were prepared individually using a horizontal stainless steel mixer. A subsample was taken and ground through a Wiley mill, using a 40-mesh screen. A portion of the sample was used for CP analysis, using the macro-Kjeldahl procedure (AOAC, 1980) . Dietary pH was measured by adding 100 mL of distilled, deionized water to a 20-g sample of diet. Diet pH was determined as the average of three successive measurements.
Experiment 1
Experiment 1 was conducted to test whether the interaction between FA and NaHC03, which results in improved growth performance in weaned pigs, is dependent on the type of organic acid used. Furthermore, the effects of organic acids and(or) NaHC03 on blood pH values were investigated.
The organic acids used were FA, MA, and CA (Miles, Biotechnology Products Division, Elkhart, IN). Seven diets were formulated in total: three diets with a single acid addition, three diets with a single acid addition plus NaHC03, and a control diet without any addition of organic acid or NaHC03 ( was used as the protein source in all diets, including the control. The level of NaHC03 used in the diet was based on an acid:NaHCOs molecular weight ratio of 1.08 (Giesting et al., 1991) . This molecular weight ratio was used for all organic acid dietary treatments to determine whether supplementing different organic acids in the same ratio would result in the improved performance of nursery pigs. Sodium bicarbonate was not added to diets containing FA, MA, and CA to neutralize dietary pH, but to maintain a molecular weight ratio of 1.08. In this experiment, FA, MA, and CA were included in the diet at 2.5%. The NaHC03 was included at 2.3, 1.9, and 1.4% of the diet for FA, MA, and CA, respectively. Dietary additions of organic acids and NaHC03 were made at the expense of wood cellulose. This experiment used 175, 28-d-old pigs in a randomized complete block design consisting of seven treatments, five pigs per pen, and five replicates. Pigs were immediately allotted to treatments after removal from the sow. The average initial weight of the pigs was 7.02 f .7 kg and the experimental period was 28 d. The criteria of response were ADG, ADFI, GF, and blood pH values. At the end of the experimental period, blood was sampled from two randomly selected pigs per pen. Blood samples were taken by placing each pig in a dorsally recumbent position and a 10-mL blood sample was withdrawn into a sodium heparinized glass syringe. Glass syringes were used to retard the diffusion of blood gasses from the blood sample. The syringes were immediately capped and preserved on ice. The blood was injected into a n Instrumentation Analysis Microspec 13 Blood Gas Analyzer (Instrumentation Laboratory, Lexington, MA) for the measurement of blood pH.
Experiment 2
The results of Exp. 1 indicated that the greatest response to NaHC03 was attained with the addition to FA. Therefore, we tested whether the level of NaHC03 used influenced ADG, ADFI, and GF, and, in addition, whether the diet pH was critical in affecting blood pH. Three levels of NaHC03 were added at .9, 1.6, and 2.5%, respectively, to a corn-soy-based ration containing 2.5% FA (Table 1) . A control diet was not included because the response to FA and NaHC03 had already been established. Dietary additions of FA and NaHC03 were made at the expense of wood cellulose.
Ninety pigs were allotted in a randomized complete block design comprising three treatments, five pigs per pen, and six replications with an average initial weight of 7.3 f .9 kg. The criteria of response were ADG, ADF, and GF ratio. Blood samples were obtained and used for blood pH analysis using procedures as described in Exp. 1.
Experiment 3
In this experiment, the hypothesis was tested that the response to FA and NaHC03 could be demonstrated in finishing pigs. Three corn-soy diets were formulated: a diet with a single addition of 2.5% FA, a diet with 2.5% FA plus 2.3% NaHC03, and a control diet without FA or NaHC03 (Table 1) . Dietary additions were made at the expense of wood cellulose.
The experiment consisted of 75 pigs that were allotted to three treatments in a randomized block design that comprised five pigs per pen and five replicates. Pigs were allotted to the experiment a t an initial weight of 65 k 1.1 kg. The experiment continued until the average pig weight in each pen was 100 kg. The criteria of response used were ADG, ADF, and GF ratio.
Experiment 4
The hypothesis tested in this experiment was that the FA x NaHC03 interaction may be species-specific. Fumaric acid, MA, and CA were included in a basal diet at 2.5%. To each of the acid additions, NaHC03 was added at levels of 2.3, 1.9, and 1.4% for the FA, MA, and CA, respectively. A control diet without additions of organic acids or NaHC03 was also included (Table 2 ) . One-week-old chicks were allotted to seven treatments using a completely randomized design. The experiment consisted of five chicks per pen and was replicated three times, to make up a total of 105 chicks. Dietary additions were made at the expense of wood cellulose.
Statistical Analysis
Experiments 1 to 3 were analyzed as a randomized complete block design. Treatments included the additions of organic acids and NaHC03 to the diets. In each experiment, pigs were blocked according to litter of origin, live weight, and sex. Experiment 4 was analyzed as a completely randomized design. Treatments included the additions of organic acids and(or) NaHC03 to the diets. Chicks were allotted according to weight and were all males. The genetic backgrounds of the birds were homogeneous to a high degree. All data were analyzed using the GLM procedures of SAS (1985) . In all experiments, the pen constituted the experimental unit. Treatment means were separated using the LSD procedure (Steel and Torrie, 1980) to compare response criteria.
Results

Experiment 1
At wk 2 and 4, there were no differences ( P < . l o ) between the single organic acid additions and the basal diet based on ADG, ADFI, GF, and blood pH CComparison of FA + NaHC03 vs basal ( P < .05).
dComparison of MA + NaHC03 vs basal ( P < ,081.
values (Table 3) . There was an increase in ADG and ADFI ( P < . 0 5 ) when the FA + NaHC03 addition was compared with the basal diet at wk 2, whereas at wk 4
only ADG increased ( P < .05 j. The addition of MA + NaHC03 resulted in a decrease ( P < .08) in ADFI compared with the basal diet at wk 2 and 4. Feeding CA + NaHC03 resulted in an increased ( P < .08) GF compared with the basal diet at wk 2. There were no differences in blood pH among the basal diet and all other treatments.
Experiment 2
At wk 2 and 4, the regression was significant for the linear and quadratic term for both ADG and ADFI; 
Experiment 3
The addition of organic acids and NaHC03 to finishing diets did not result in any significant differences among treatments, based on ADG, ADFI, and GF (Table 5) .
Experiment 4
In this experiment, ADG decreased ( P < .08) when the chicks fed the FA + NaHCO3-supplemented diet were compared to those fed the MA + NaHC03-or CA + NaHCO3-supplemented diets (Table 6 ). The FA + NAHCO3-supplemented diets resulted in a decrease in ADFI ( P < .05) compared with the MA + NaHC03, CA + NaHC03, and the basal ( P < .08) diets. Discussion Giesting et al. (1991) compared 0, 2, and 3% additions of FA to corn-soy diets fed t o 28-d-old nursery pigs and attained the greatest response at the 3% level of addition during the first 2 wk of the experiment. Our data were similar to those of Giesting et al. (1991) indicating the greatest growth response during the first 2 wk postweaning. Feed intake tended to be greater for pigs consuming the FA-supplemented diet. Radecki et al. (1988) also observed a decrease in feed intake when CA was added to the diet compared with FA. Henry et al. (19851, however , attained a decrease in growth and ADFI when pigs were fed FAsupplemented diets compared with pigs fed CAsupplemented diets. The greatest response to NaHCO3-supplemented diets was attained when NaHC03 was added in combination with FA. This response has been reported previously by Giesting et al. ( 199 1) . The fact that the ADG and ADFI responses to organic acids were attained only with the FA + NaHC03-supplemented diets suggests that the interaction between organic acids and NaHC03 is dependent on the type of acid used. In the case of CA and MA, there was a decrease in ADFI; thus, this may account for the lower gain compared with FA. Giesting et al. ( 199 1 ) found no significant difference in ADFI when NaHC03 was added to FA, compared with the control diet, as occurred in our experiment.
In an effort to maintain a constant organic acid: NaHC03 ratio on a molecular weight basis, the quantity of NaHC03 added was not constant. The differences in response to NaHCO3-supplemented diets when NaHC03 was added in conjunction with organic acids may be the result of the pK of the differing acids, which would change the acid-base ratios in the diet, and not the result of differing diet pH values.
Results from Exp. 2 indicate that there is an optimum level of NaHC03 for the maximal response to 2.5% FA. The greatest response was attained with 1.6% NaHC03 addition. There was a higher feed intake at this level, indicating that the response may be related to feed intake. This experiment was conducted to ascertain whether the ratio of FA: NaHC03 was important to the magnitude of the response. Previously, it has been hypothesized that the responses to organic acids have been due to the lowering of the gastric pH in the weaned pig and the subsequent activation of proteolytic enzyme activity (Easter, 1988) . Weakland et al. (1990) showed that the addition of organic acids to the diets of weaned pigs did not have a significant effect on the gastric pH. Prohaszka and Baron (1980) ( 19 78 1 demonstrated that milk seems to delay gastric functioning because conditions arise that favor lactic acid bacteria, lactic acid accrual, and buffering of its contents. Crenshaw and Goltz ( 1988) have previously reported that typically corn-soy diets result in mild metabolic acidosis. However, NaHC03 is regarded as the most important physiological buffer in the body and in conjunction with ammonia is important in regulating acid-base homeostasis in situations of metabolic acidosis. This is evident in increased bicarbonate and ammonium in the urine in acidotic states (Duke, 1982) . Boldaun et al. (1988) reported that an excess of ammonia in the stomach is detrimental to metabolism. Kaufmann (1986) suggested that when ammonium chloride is added to the diets of weaned pigs, the ammonia acts as a source of nutrients for the resident microbial population in the hindgut. The source of nitrogen serves to activate the microbial population and may in fact draw on the pools of circulating ammonia. This mechanism would decrease the amount of nitrogen that would have to be detoxified in the liver and kidney. Giesting et al. ( 19 9 1 ) hypothesized that the response to NaHC03 was to ameliorate an acidotic state resulting from the addition of organic acids to the diet. To this end we measured the pH of the blood in Exp. 1 and 2. The results were inconclusive. This in part may be ascribed to the variation in our values.
Patience ( 1990) has reported that measurement of blood pH is of little value because short-term regulation of metabolic acidosis is through respiratory control. A more accurate measure would be urinary output, pH, and urinary buffers. If the organic acids used were deprotonated in the stomach, they would not result in acidosis. Thus, organic acids may be metabolized and act as a source of oxidizable substrates. Deprotonated organic acids may, in fact, result in alkalosis. Blatherwick ( 192 0) reported that silages containing citric acid fed to dairy cattle resulted in alkalosis. In the metabolism of citrate to C02 and H 2 O protons are required, resulting in increased plasma pH values.
There was no effect of FA and NaHC03 additions on gain and feed efficiency in finishing pigs. These findings are not supported by those of Kirchgessner and Roth (1978) , who reported that 1.8% additions of FA resulted in an increase in gain over the control of 6.7% and an increase of 4.3% in feed efficiency. The diet may have had a lower acid-binding capacity and, in conjunction with the possibility of a production facility contaminated with high levels of microbial pathogens, resulted in the improvement in ADG and GF .
Implications
Growth-promoting effects of organic acids and NaHC03 seem to occur only in the weaned pig during the first 2 wk after weaning. There was no response to fumaric acid and NaHC03 in the chick and the finishing pig. The data in Exp. 2 indicate that there is a relationship between the amount of fumaric acid and NaHC03 included in the diet. Mechanistically very little is known about the mode of action of organic acids in the weaned pig. Any means by which the growth performance of the weaned pig can be improved would be beneficial, and fundamental studies in adaptive gastrointestinal physiology of the young pig would seem warranted.
